A surface anchoring transition of a nematic at polymer surfaces created by polymerization-induced phase separation is presented. This transition is unusual in that it occurs far from bulk nematic phase transitions and it is tunable across nearly the entire nematic temperature range by modification of the polymer side group. Anchoring behavior is qualitatively understood by considerating enthalpic and entropic contributions to surface energy. Interesting behavior of some polymer-dispersed liquid-crystal films is explained, and observations provide a pathway to control properties. ͓S1063-651X͑98͒50308-X͔ PACS number͑s͒: 64.70. Md, 64.75.ϩg Surface energetics of liquid crystals is intriguing and crucial for technologies that use liquid crystals, such as flatpanel displays and optical components. The fact that liquid crystals exhibit preferential orientation at interfaces, a phenomenon called surface anchoring, has been known for over 80 years, but its molecular origins are still elusive. Whether a liquid-crystal material prefers to orient with the director n normal to the interface ͑homeotropic anchoring͒, in the plane of the interface ͑homogeneous anchoring͒, or along a tilted direction or directions depends upon subtle interactions that are not well understood. Unidirectional homogeneous alignment can be produced by rubbing a substrate ͓20͔ and homeotropic alignment by treating the bounding surfaces with amphiphilic alkyl compounds such as surfactants ͓1-4͔. The less common tilted anchoring has been seen at a glass surface exposed to smoke soot ͓19͔ or coated with a commercial fluorinated surfactant ͓5͔.
Surface energetics of liquid crystals is intriguing and crucial for technologies that use liquid crystals, such as flatpanel displays and optical components. The fact that liquid crystals exhibit preferential orientation at interfaces, a phenomenon called surface anchoring, has been known for over 80 years, but its molecular origins are still elusive. Whether a liquid-crystal material prefers to orient with the director n normal to the interface ͑homeotropic anchoring͒, in the plane of the interface ͑homogeneous anchoring͒, or along a tilted direction or directions depends upon subtle interactions that are not well understood. Unidirectional homogeneous alignment can be produced by rubbing a substrate ͓20͔ and homeotropic alignment by treating the bounding surfaces with amphiphilic alkyl compounds such as surfactants ͓1-4͔. The less common tilted anchoring has been seen at a glass surface exposed to smoke soot ͓19͔ or coated with a commercial fluorinated surfactant ͓5͔.
Transitions between surface anchoring states are particularly exciting because they arise from a competition between opposing components of surface anchoring. A number of nematic surface anchoring transitions have been observed. Most of them occur close ͑within ϳ10 K͒ to bulk phase transitions of the nematic to isotropic, smectic, or crystalline phases. Noting the sensitivity of several contributions to surface anchoring on the bulk nematic order parameter S, surface anchoring transitions near the nematic-isotropic transition have been attributed to the rapid decrease in S upon heating close to the nematic-isotropic transition ͓6͔. Near the transition to smectic or crystalline phases, pretransitional layering near surfaces has been cited to explain transitions to homeotropic anchoring ͓7͔.
Surface anchoring transitions very far from bulk phase transitions are rare. Volovik and Lavrentovich ͓8͔ reported a transition at a surface composed of two fluid components known to induce opposing anchoring tendencies. This could perhaps arise because of a changing surface composition or because of different temperature dependencies of the anchoring strength of the two components. Recently, Drzaic ͓9͔ reported a surface anchoring transition far from bulk liquidcrystal transitions at poly͑vinyl alcohol͒ surfaces modified by amphiphilic molecules.
We discovered a set of temperature-driven surface anchoring transitions of a nematic liquid crystal at polymer interfaces created by phase separation. Not only are these transitions far from all bulk transitions, but the anchoring transition temperature can be varied across nearly the entire nematic temperature range by subtle changes in the polymer side group and by mixing side groups. This set of anchoring transitions is significant because it provides a different set of data for gaining insight into surface anchoring.
Over the past decade, a variety of polymer/liquid-crystal dispersions have been developed for applications in displays and photonics ͓10,11͔, and many are made by phase separation induced by polymerization. One example is the polymer-dispersed liquid crystal ͑PDLC͒, which consists of micrometer-scale nematic drops trapped within a polymer matrix. Surface anchoring at interfaces that form during phase separation, like the ones studied here, is a crucial factor in device performance. This study of surface anchoring indicates a pathway for strongly affecting electro-optical properties of polymer/liquid-crystal dispersions by controlling polymer structure.
The liquid crystal chosen for this study, TL205 ͑EM Industries͒, is a mixture of halogenated bi-and terphenyls with aliphatic tails of length two to five carbons, averaging between three and four carbons ͓12͔. It was chosen because it exhibits a wide nematic range ͑ϽϪ20°C-87°C͒ and thus permits the exploration over a much wider temperature range than typical single-component nematics.
The liquid crystal was mixed with a mixture of monomers to form a single-phase isotropic solution that is ϳ80 wt % liquid crystal. The monomer mixture was 85 wt % monofunctional acrylate, 13.5 wt % 1,1,1-trimethylol propane triacrylate, and 1.5 wt % UV photoinitiator ͑Darocur 1173, Ciba͒. The chemical variable in these experiments is the side group on the monofunctional acrylate.
A ϳ15 m gap between indium-tin-oxide coated glass plates was filled with the mixture of liquid crystal and acrylate, then irradiated with a mercury arc lamp ͑365 nm of UV light͒ at a low intensity, ϳ50 W/cm 2 show microscopic images of a cellular film made using n-octyl acrylate. Heating the film above the nematic-to-isotropic transition temperature (T NI ϳ82°C) affords a clear view of the cellular structure ͑Fig. 1͒. The polymer walls appear dark because they scatter light. Besides the polymer walls, there are polymeric fibrillar features and surface modulations inside the cells, giving them a mottled appearance.
Upon cooling below 82°C the nematic phase forms. With further cooling an anchoring transition is crossed at 76°C. Figure 2͑a͒ shows an image of the film at 75°C, just below the anchoring transition temperature, between crossed polarizers. The centers of the cells remain dark as the sample is rotated, indicating no in-plane birefringence and a director field that is perpendicular to the film substrates. Tilted anchoring is ruled out because even a slight tilt would make the center of the cells appear bright. The boundaries near the vertical walls are bright because of an in-plane director component. The orientation of this component was determined by inserting a tint plate into the optical train ͓Fig. 2͑b͔͒ and interpreting the interference colors using a Michel-Lévy color chart ͓13͔. Applying an electric field reduces the width of the boundary region near the polymer walls ͓Fig. 2͑c͔͒ and simplifies interpretation of the interference colors. Cyan near walls running predominantly from the upper left to the lower right and yellow near walls running from the upper right to the lower left ͓Fig. 2͑c͔͒ show that the director is orthogonal to the walls, indicating homeotropic anchoring ͓Figs. 3͑a͒ and 3͑b͔͒.
The microscopic observations change very little between room temperature and 76°C. However, upon heating the film through 76°C, the director field rearranges suddenly and dramatically. Figure 2͑d͒ shows a view between crossed polarizers at 77°C; adding a tint plate gives the image of Fig. 1 at 75°C ͓͑a͒-͑c͔͒ and 77°C ͓͑d͒-͑f͔͒ between crossed polarizers. The polarizer is horizontal and the analyzer is vertical. In ͑b͒ and ͑e͒, the tint plate has been inserted, with its slow axis along the upper-right to lower-left diagonal. An electric field is applied in ͑c͒ and ͑f͒ with rms amplitude of 0.14 and 0.05 V/m, respectively. vertical walls than in the center of the cells, although this detail is not resolvable in the photographs of Fig. 2 .
FIG. 2. ͑Color͒ Image of the same region as in
Similar behavior was observed when other monofunctional alkyl acrylates were used in the construction. Homeotropic anchoring was seen below an anchoring transition temperature T t and homogeneous anchoring above. The anchoring transition temperature, while insensitive to the choice and amount of polyfunctional acrylate, varied with choice of monofunctional acrylate. Values are tabulated in Table I. PDLC films for electro-optic studies were made from the same mixtures used to make the cellular films, but with a much higher irradiation intensity (ϳ17 mW/cm 2 ). The rapid photopolymerization prevented much coalescence of the drops, which were typically 1-3 m in diameter. Electrooptic properties of the PDLC film were determined from time-resolved, forward-transmittance measurements of a HeNe laser beam ͑632.8 nm͒ passing through the film, while applying 1-kHz sinusoidal voltage pulses across the film.
The temperature-induced anchoring transition is apparent from several electro-optic measurements. A lucid example is afforded by a plot of the switching voltage and the relaxation time as a function of temperature for a PDLC film made with n-hexyl acrylate ͑Fig. 4͒. There is a minimum in the switching voltage and a peak in the relaxation time at 65°C. Both of these reflect a passage from homeotropic anchoring below T t to homogeneous anchoring above. Near T t anchoring weakens and the elastic distortion in the drops relaxes ͓11,14͔. Since the electric-field energy must overcome elastic distortion energy to achieve alignment, the switching voltage dips at T t . Also, the relaxation time peaks at T t because the nematoelastic restoring force is small in weak anchoring.
Similar signatures of anchoring transitions were seen for films made using other alkyl acrylates. In all cases, T t determined from PDLC electro-optics corresponds to the transition temperature seen in the corresponding cellular film. We also found that T t varies monotonically when a mixture of two monofunctional acrylates was used instead of just one. This way intermediate T t values could be attained.
Most anchoring transitions are reported to be close ͑within ϳ10°C͒ to bulk ordering transitions from nematic to isotropic, smectic, or crystalline phases ͓5,6,15͔. Theoretical explanations for these anchoring transitions typically involve the rapidly changing bulk order near these transitions; for example, pretransitional layering near a nematic-smectic phase transition ͓7,16͔ or rapidly changing dipolar and quadrupolar contributions to the surface energy ͓6,17͔.
In contrast, the anchoring transitions we observe are unique in that the transition temperature T t can be readily adjusted across most of the nematic temperature range by modifying the polymer side group and by mixing side groups, and so they are seen very far from bulk transition temperatures. An appealing starting point for understanding the basis of this transition is to consider a competition between an enthalpic drive for homeotropic anchoring and an entropic drive for homogeneous anchoring. For example, Sharlow and Gelbart ͓18͔ showed that due to excluded volume between isolated rigid rods and a surface there is an entropic drive for homogeneous anchoring, as rods lying parallel to a surface can explore space closer to the surface than those perpendicular to the surface. An enthalpic drive for homeotropic anchoring could arise from the presence of the alkyl polymer side chains, as described below. The transition from low-temperature homeotropic to high-temperature homogeneous anchoring would then occur at a temperature at which the enthalpic and entropic contributions balance. A complete model must include additional factors such as intermolecular interactions between the densely packed mesogens. This model is useful as a starting point because it shows how an anchoring transition from low-temperature homeotropic to high-temperature homogeneous can occur far from bulk transitions, and it explains several trends.
The importance of the polymer alkyl side group on anchoring is clear. T t is very sensitive to subtleties in the side chain configuration, as can be seen from Table I , while it is very insensitive to other factors such as drop size, the nature and number density of cross-links in the polymer network, and the addition of a methyl group to the polymer backbone ͑through substitution of the acrylate by the equivalent methacrylate͒. Also, it has been repeatedly demonstrated that a high density of alkyl chains attached to an interface induces homeotropic anchoring in a wide variety of liquid crystals. Previous work on alkyl brush surfaces, created by treating substrates with amphiphilic compounds ͓1-4͔, such as surfactants, lecithins, and fatty acids, have generally shown ho- meotropic anchoring when the alkyl chain is long, typically greater than about 7-10 carbons ͓2,4͔. It is thought that the alkyl brush surface forms a ''seaweed-bed-like'' arrangement for portions of the mesogens to interdigitate, and this interdigitation is best achieved when the mesogens are perpendicular to the surface ͓1͔. Attractions between alkyl ends of mesogens and the alkyl brush can give an enthalpic preference for homeotropic anchoring.
The analogy between the polymer side chains at the interface and alkyl brush surfaces is strengthened by a couple of trends. First, for linear side chains, the tendency for normal anchoring increases with side chain length, as shown by an increase in T t with an increasing number of carbons. This is consonant with the observations of Porte ͓2͔ and Crawford et al. ͓4͔ , the anchoring evolved toward homeotropic or jumped from homogeneous to homeotropic when the number of carbons increased to above about 7-10 carbons. Second, branching of the alkyl side group reduces the tendency for normal anchoring, presumably by frustrating the seaweedbedlike packing of the side groups. In changing the side group from the linear ͑n-octyl͒ to the secondary ͑2-octyl͒ and branched ͑2-ethyl hexyl͒ eight-carbon isomers, T t drops from 78°C down to 23°C.
By appropriate choice of polymer side group, one can exercise significant control over the electro-optics of devices such as PDLC films without the introduction of additives or changes in morphology. For example, choosing an acrylate that weakens anchoring at a desired operating temperature results in a lower switching voltage and a larger relaxation time, while choosing an acrylate that strengthens anchoring has the opposite effect. One can also choose strong or weak temperature sensitivity of a PDLC film by judicious placement of the anchoring transition temperature.
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